system. Previous studies have found that the stress neurohormone corticotropin-releasing factor (CRF) inhibits 5-HT neurons in the dorsal raphe nucleus (DRN) in vivo. The goals of the present study were to characterize the CRF receptor subtypes (CRF-R1 and -R2) and cellular mechanisms underlying CRF-5-HT interactions. Visualized whole-cell patch-clamp recording techniques in brain slices were used to measure spontaneous or evoked GABA synaptic activity in DRN neurons of rats and CRF effects on these measures. CRF-R1 and -R2-selective agonists were bath applied alone or in combination with receptor-selective antagonists. CRF increased presynaptic GABA release selectively onto 5-HT neurons, an effect mediated by the CRF-R1 receptor. CRF increased postsynaptic GABA receptor sensitivity selectively in 5-HT neurons, an effect to which both receptor subtypes contributed. CRF also had direct effects on DRN neurons, eliciting an inward current in 5-HT neurons mediated by the CRF-R2 receptor and in non-5-HT neurons mediated by the CRF-R1 receptor. These results indicate that CRF has direct membrane effects on 5-HT DRN neurons as well as indirect effects on GABAergic synaptic transmission that are mediated by distinct receptor subtypes. The inhibition of 5-HT DRN neurons by CRF in vivo may therefore be primarily an indirect effect via stimulation of inhibitory GABA synaptic transmission. These results regarding the cellular mechanisms underlying the complex interaction between CRF, 5-HT, and GABA systems could contribute to the development of novel treatments for stress-related psychiatric disorders.
Introduction
Stress-related psychiatric disorders such as depression and anxiety are frequently characterized by dysfunctions of corticotropinreleasing factor (CRF) (Nemeroff, 1988; Gold et al., 1995; Arborelius et al., 1999; Reul and Holsboer, 2002) and 5-hydroxytryptamine (5-HT) systems (Charney et al., 1990a,b; Meltzer, 1990) . Stress regulates the 5-HT system in a complex stressor-and region-specific manner (Kirby et al., 1995 (Kirby et al., , 1997 Adell et al., 1997) . In vivo microdialysis and electrophysiology studies have shown that a particular stressor, swim stress, inhibits 5-HT release in certain targets and that this effect is mediated by the inhibition of 5-HT neuronal activity in the serotonergic dorsal raphe nucleus (DRN) by the endogenous release of CRF (Kirby et al., 1995; Price et al., 2002) . Exogenous administration of CRF alters 5-HT DRN neuronal activity and 5-HT release in forebrain targets with a U-shaped dose-response function (Price et al., 1998; Kirby et al., 2000; Price and Lucki, 2001 ). Both CRF receptor subtypes (CRF-R1 and -R2) are found in the DRN (De Souza et al., 1985; Potter et al., 1994; Chalmers et al., 1995) and both receptors contribute to CRF effects on neuronal activity of 5-HT DRN neurons (Kirby et al., 2000; Pernar et al., 2004) . CRF terminals target both 5-HT and GABA neurons in the DRN (Waselus et al., 2005) and CRF receptors are located on both GABA and 5-HT DRN neurons (Kirby et al., 2001; Roche et al., 2003; Day et al., 2004) . CRF is thus anatomically poised to regulate 5-HT neurotransmission in the DRN either directly at 5-HT neurons or indirectly via GABAergic afferents to those neurons. The goal of this study was to determine at the cellular level the receptors underlying these CRF-5-HT interactions by examining the effects of receptor-selective CRF ligands on 5-HT and non-5-HT DRN neurons and their GABA synaptic activity in rats. The effect of the CRF-R1-preferring agonist ovine CRF (oCRF) [eight times more potent at the CRF-R1 than -R2 receptor ] was compared with the CRF-R2 agonist urocortin II (UCN II). In addition, oCRF effects were examined in the presence of the CRF-R1 antagonist antalarmin or the CRF-R2 antagonist antisauvagine-30 (ASVG-30).
Materials and Methods
Subjects. Male Sprague Dawley rats (Taconic Farms), 4 -5 weeks of age, were housed two to three per cage on a 12 h light schedule (lights on at 7:00 A.M.) in a temperature-controlled (20°C) colony room. Rats were given access to standard rat chow and water ad libitum. Animal protocols were approved by the Institutional Animal Care and Use Committee and were conducted in accordance to the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Slice preparation. Rats were rapidly decapitated and the head placed in ice-cold artificial CSF (ACSF) in which sucrose (248 mM) was substituted for NaCl. The brain was rapidly removed and trimmed to isolate the brainstem region. Slices (200 m thick) were cut throughout the rostrocaudal extent of the DRN using a Leica microslicer (Leica) or Vibratome 3000 Plus (Vibratome) and placed in a holding vial containing ACSF with l-tryptophan (50 M) at 35°C bubbled with 95% O 2 /5% CO 2 for 1 h. Slices were then maintained in room temperature ACSF bubbled with 95% O 2 /5% CO 2 . The composition of the ACSF was as follows (in mM): 124 NaCl, 2.5 KCl, 2 NaH 2 PO 4 , 2.5 CaCl 2 , 2 MgSO 4 , 10 dextrose, and 26 NaHCO 3 .
Electrophysiological recording. Slices were transferred to a recording chamber (Warner Instruments) and continuously perfused with ACSF at 1.5-2.0 ml/min at 32-34°C maintained by an in-line solution heater (TC-324; Warner Instruments). Only one cell was recorded per brain slice. Raphe neurons were visualized using a Nikon E600 upright microscope fitted with a 40ϫ water-immersion objective, differential interference contrast and infrared filter (Optical Apparatus). The image from the microscope was enhanced using a CCD camera and displayed on a computer monitor. Whole-cell recording pipettes were fashioned on a P-97 micropipette puller (Sutter Instrument) using borosilicate glass capillary tubing (1.2 mm outer diameter, 0.69 mm inner diameter; Warner Instruments). The resistance of the electrodes was 4 -8 M⍀ when filled with an intracellular solution of the following (in mM): 70 K-gluconate, 70 KCl, 2 NaCl, 4 EGTA, 10 HEPES, 4 MgATP, 0.3 Na 2 GTP, 0.1% biocytin, pH 7.3.
Spontaneous IPSC recordings were made in cells located in the dorsomedial and ventromedial subdivisions of the DRN at the midcaudal levels [corresponding to Ϫ7.6 to Ϫ8.3 mm caudal to bregma in Paxinos and Watson (1998) ] that contain dense clusters of 5-HT neurons. These DRN subdivisions were also chosen because previous in vivo studies of CRF effects on 5-HT DRN neuronal activity were conducted in dorsomedial/ ventromedial DRN 5-HT neurons (Kirby et al., 2000) . A visualized cell was approached with the electrode, a G⍀ seal established, and the cell membrane ruptured to obtain a whole-cell recording using either a Multiclamp 700B (Molecular Devices), Axopatch 200B (Molecular Devices), or HEKA patch-clamp EPC-10 amplifier (HEKA Elecktronik). Series resistance was monitored throughout the experiment. If the series resistance was unstable or exceeded four times the electrode resistance, the cell was discarded. Once the whole-cell recording was obtained, IPSCs were recorded in voltage-clamp mode (V m ϭ Ϫ70 mV). For the Axoclamp and Axopatch amplifiers, signals were digitized by Digidata 1320 series analog-to-digital converters and stored on-line using pClamp 7/8/9 software (Molecular Devices). For the HEKA amplifier, signals were stored on-line using Pulse software. Signals were filtered at 1 kHz and digitized at 10 kHz. The liquid junction potential was ϳ9 mV between the pipette solution and the ACSF and was not subtracted from the data obtained.
For evoked IPSC (eIPSC) experiments, tungsten stimulating electrodes (World Precision Instruments) were placed dorsolateral (100 -200 m distance) to the recorded cell and stimuli delivered with an IsoFlex stimulus isolator (A.M.P.I.). For these experiments, recorded cells were located in either the dorsomedial or ventromedial DRN. For each cell, a stimulus-response curve was generated and a stimulus intensity producing a half-maximal response was used for subsequent pairedpulse experiments. For paired-pulse experiments, the interpulse interval was 50 ms and the interpair interval was 10 s. The mean stimulus intensity was 3.5 Ϯ 0.6 mA with a range of 0.7 to 9.6 mA.
Experimental protocols. GABAergic IPSCs were isolated by addition of the non-NMDA receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (20 M) or 6,7-dinitroquinoxaline-2,3(1 H,4 H)-dione (DNQX) (20 M). Spontaneous IPSCs (sIPSCs) were recorded for 6 min. Tetrodotoxin (TTX) (1 M) was added to block action potentialdependent events and miniature spontaneous IPSCs (mIPSCs) were recorded for 6 -9 min. Ovine CRF or UCN II was then added to the perfusion bath and recorded for 9 min. All statistically significant physiological effects of oCRF were then tested for CRF receptor subtype contributions using selective CRF antagonists. For antagonist experiments, it was not possible to make within-cell comparisons of the effect of oCRF before and after the antagonist because oCRF effects were so long lasting (see Results). Therefore, after baseline mIPSC recording, antalarmin or ASVG-30 was added and data were collected for 6 min. Next, oCRF was added and data were collected for 9 min. For stimulation experiments, baseline paired-pulse data were collected for 10 -20 min. Ovine CRF was then added to the perfusion bath and paired-pulse data were collected for an additional 10 -20 min. In some cells (both spontaneous and evoked IPSC experiments), the GABA A receptor mediation of IPSCs was verified at the end of the experiment with the addition of the GABA A receptor antagonist bicuculline (20 M). Under these conditions, bicuculline eliminated all IPSC activity (for example, see Fig. 2 AЈ) .
Immunohistochemistry. Standard immunofluorescence procedures were used to visualize the filled cell and neurotransmitter content (Beck et al., 2004) . Slices were postfixed in 4% paraformaldehyde overnight. Sections were incubated in PBS containing 0.5% Triton and bovine serum albumin (30 min). Sections were then incubated in rabbit ␣-5-HT antibody (1:2000; ImmunoStar) for 1 week at 4°C or mouse ␣-tryptophan hydroxylase antibody (1:500; Sigma-Aldrich) overnight at 4°C. Subsequently, immunohistochemical labeling was visualized using an Alexa 488-conjugated donkey ␣-rabbit secondary antiserum (1:200; Invitrogen) or FITC-conjugated donkey ␣-mouse secondary antiserum (1:200; Jackson ImmunoResearch) for 60 min at room temperature. The biocytin was visualized using streptavidin-conjugated Alexa 633 or 647 (1:100 or 1:200; Invitrogen) for 60 min at room temperature. Between incubations, slices were rinsed with phosphate buffer solutions (three times for 10 min each time). Sections were mounted with ProLong Antifade Kit (Invitrogen) on Superfrost Plus slides (Fisher Scientific) and visualized and captured by digital camera using a Leica DMIRE2 with Leica confocal software (Leica Microsystems) or Olympus FV300 confocal microscope with FluoView software (Olympus America). When using the confocal microscope sequential collection (i.e., Alexa 633/647 separately from FITC/Alexa 488), images of 0.6 m thickness were acquired at the level of the cell body of the biocytin-labeled neuron. The laser power and emission filters were adjusted for both the red and green fluorophor so that there was minimal possibility of a false-positive result. No cell was included in the study if it could not be conclusively identified as either 5-HT-or non-5-HT-containing by immunohistochemistry.
Data analysis. MiniAnalysis software (Synaptosoft) was used to analyze mIPSC events on the basis of amplitude, rate of rise, duration, and area. Initially, noise analysis was conducted for each cell and amplitude detection thresholds set to exceed noise values. Events were automatically selected, analyzed for double peaks, and then visually inspected and confirmed. Event amplitude histograms were generated and compared with the noise histogram to ensure that they did not overlap. Synaptic activity was analyzed for frequency, amplitude, baseline holding current, rise time (calculated from 10 to 90% of peak amplitude), and decay time (calculated by averaging 200 randomly selected events and fitting a double-exponential function from 10 to 90% of the decay phase). The double-exponential function for the decay phase generates an initial fast component and a subsequent slow component of the decay phase. Data were collected in 1 min bins during the 9 min period after drug application, taking into account a 2 min lag time from drug addition to initial drug effect attributable to recording chamber volume and perfusion rate. The maximum postdrug steady-state value (1 min bin) was reported as the drug effect for each cell, typically occurring 6 -9 min after drug ap-plication. Baseline synaptic activity data were compared between experimental groups by one-way ANOVA (or Kruskal-Wallis one-way ANOVA on ranks for non-normally distributed data). The effects of CRF agonists on synaptic event characteristics or holding current were analyzed by paired Student's t tests (or Wilcoxon's signed rank test for nonnormally distributed data). The effects of CRF antagonists on synaptic event characteristics or holding current were presented either as a percentage change from baseline (see Figs. 2, 5) or as raw data (Table 1 ). For antagonist experiments in which two drugs were applied sequentially (antagonist plus oCRF), baseline for the antagonist was measured just before its application (the "no drug" condition). Baseline for the oCRF that followed was measured just before its application, when the antagonist effect had reached steady state. Raw data for CRF antagonist studies (Table 1) were analyzed by repeated-measures ANOVA (or Friedman's repeated-measures ANOVA on ranks for non-normally distributed data) with post hoc Student-Newman-Keuls tests for pairwise comparisons. In Figure 5 , antagonist data presented as a percentage change from their baseline values were analyzed by two-way repeated-measures ANOVA with post hoc Student-Newman-Keuls tests for pairwise comparisons. In Figure 5 , oCRF with antagonist pretreatment was compared with oCRF with "ACSF pretreatment." These ACSF control data represent a comparison of the first to the sixth minute of baseline data during which cells were exposed only to ACSF. In Figure 2 , antagonist data presented as a percentage change from their baseline values were compared with those baseline values by paired Student's t tests (or Wilcoxon's signed rank test for non-normally distributed data). In Figure 2 , antagonists in combination with oCRF were also compared with oCRF alone by unpaired Student's t tests (or Mann-Whitney's rank sum test for non-normally distributed data). To determine whether presynaptic and postsynaptic effects of CRF agonists occurred in the same cells, Pearson's product moment correlation analysis was performed. The frequency and amplitude of IPSC events in individual cells were also illustrated as cumulative probability graphs for interevent interval and amplitude and control versus drug treatments compared by the Kolmogorov-Smirnov test. A probability of p Ͻ 0.05 was considered significant. Most data are reported as mean Ϯ SEM. IPSC rise time, whose frequency distributions were not normally distributed, was presented as median Ϯ SEM.
Evoked IPSC amplitude was calculated by subtracting the peak current from the current obtained during a 5 ms window immediately preceding the stimulus artifact. Baseline eIPSC amplitude was averaged from at least 60 consecutive trials calculated over at least 10 min before drug application. Stimulus pairs had a 50 ms interstimulus interval with a 10 s interval between pairs. Paired-pulse ratio (PPR) was calculated as the amplitude of the second eIPSC divided by the amplitude of the first eIPSC. Ovine CRF effects were determined from the average of at least 60 consecutive trials after drug application. The effect of oCRF on eIPSC amplitude or PPR was analyzed by comparing pre-and post-oCRF values by paired Student's t test.
Drugs. Most chemicals for making the ACSF and electrolyte solution, as well as antalarmin and ASVG-30, were obtained from Sigma-Aldrich. DNQX was purchased from Tocris, and TTX was purchased from Calbiochem. Antalarmin and DNQX were dissolved in DMSO (final DMSO concentration in bath, 0.015%). Ovine CRF and UCN II were generously supplied by Dr. Jean Rivier (Clayton Foundation Laboratories for Peptide Biology, The Salk Institute, La Jolla, CA). Ovine CRF, UCN II, and ASVG-30 were stored as 10 g samples (Ϫ80°C) and dissolved in ACSF on the day of the experiment to make a 1.0 mg/ml solution. The final drug concentrations were as follows: oCRF, 10 nM; UCN II, 10 nM; antalarmin, 300 nM; ASVG-30, 100 nM.
Results

Basal IPSC characteristics
Basal IPSC characteristics were examined in 5-HT and non-5-HT DRN neurons. Total sIPSC frequency (5-HT cells, 5.7 Ϯ 1.3 Hz, N ϭ 6; non-5-HT cells, 5.0 Ϯ 1.1 Hz, N ϭ 6) was not statistically different from mIPSC frequency (5-HT cells, 5.9 Ϯ 1.0 Hz, N ϭ 6; non-5-HT cells, 5.5 Ϯ 1.4 Hz, N ϭ 6). This finding indicates that the majority of spontaneous IPSCs in the DRN are non-action potential-dependent, representing spontaneous fusion of GABA vesicles with the presynaptic membrane. As a consequence, sIPSC data are not shown in any of the figures. Basal mIPSC frequency, amplitude, rise time, decay time, and membrane holding current were also compared between 5-HT and non-5-HT neurons. For this comparison, baseline data from all experimental groups (oCRF, UCN II, antalarmin, ASVG-30) were pooled because ANOVA demonstrated that there were no significant differences in baseline values for mIPSC frequency, mIPSC amplitude, mIPSC rise time, mIPSC fast or decay times, or membrane holding current between these experimental groups (5-HT cells, N ϭ 79; non-5-HT cells, N ϭ 41). The amplitude of mIPSCs was Ovine CRF, but not UCN II, has presynaptic actions on spontaneous GABA release: increasing mIPSC frequency selectively in 5-HT DRN neurons Ovine CRF effects on mIPSC frequency were examined in 5-HT and non-5-HT DRN neurons (Fig. 1) . The majority of these recordings were in ventromedial DRN neurons. Data (basal synaptic activity and oCRF responses) from the dorsomedial DRN neurons did not differ from ventromedial DRN neurons by unpaired Student's t test; therefore, data from both subdivisions were pooled. These effects were examined in 26 5-HT neurons recorded from 23 subjects and in 13 non-5-HT neurons recorded from 13 subjects. Figure 1 , A and AЈ, shows mIPSC activity recordings and the effect of oCRF (10 nM) in two neurons that were subsequently identified to be 5-HT-containing [tryptophan hydroxylase-immunoreactive (IR) positive] (Fig. 1C ) and non-5-HTcontaining (tryptophan hydroxylase-IR negative) (Fig. 1CЈ ) by immunohistochemistry. IPSC frequency was increased from 6.7 to 8.45 Hz (26%) in response to oCRF in the 5-HT but not the non-5-HT neuron. Cumulative probability graphs of interevent interval for each cell ( Fig. 1 B, BЈ) illustrate a significant shift to the left in the 5-HT but not the non-5-HT neuron as IPSC frequency was stimulated by oCRF (5-HT, Z ϭ 2.45, p Ͻ 0.01; non-5-HT, Z ϭ 0.89, NS). IPSCs are mediated by GABA A receptors because mIPSC frequency was completely suppressed by the GABA A receptor antagonist bicuculline (20 M) under these conditions (data not shown). UCN II did not alter mIPSC frequency in either 5-HT-or non-5-HTcontaining neurons (N ϭ 16 and 14 neurons recorded from 15 and 11 subjects, respectively). Data for all the cells are summarized in Table 1 . There was a significant increase in mean mIPSC frequency produced by oCRF selectively in 5-HT neurons ( p Ͻ 0.01). These effects of oCRF were produced by a 10 nM concentration. Most previous studies with CRF in brain slices have found effects with this and higher concentrations of CRF (0.01-1 M) (Liu et al., 2004; Nie et al., 2004; Tan et al., 2004; Kash and Winder, 2006) . We tested a higher concentration of oCRF (100 nM) in 12 5-HT neurons recorded from eight subjects and found that it produced a small (4.0 -5.0 Hz) but nonsignificant increase in mIPSC frequency. This higher concentration also did not significantly affect any other aspects of GABA synaptic activity examined (data not shown) and may reflect the U-shaped dose-effect function of oCRF on 5-HT neurotransmission that has previously been observed in vivo. Whereas low concentrations of oCRF significantly inhibit DRN neuronal activity and 5-HT release in forebrain, higher concentrations produce only marginal or slightly excitatory effects (Price et al., 1998; Kirby et al., 2000) .
Ovine CRF has presynaptic actions on evoked GABA release: increasing eIPSC amplitude and decreasing paired-pulse ratio selectively in 5-HT DRN neurons The results from mIPSC data indicating an oCRF-induced increase in presynaptic GABA release were confirmed with eIPSC experiments. Ovine CRF effects on eIPSC amplitude and pairedpulse ratio were examined in 5-HT and non-5-HT DRN neurons (Fig. 2) . Evoked IPSCs were recorded in 5-HT neurons in the dorsomedial (N ϭ 14) as well as the ventromedial subdivision of the DRN (N ϭ 14) . Basal eIPSC amplitude, basal PPR, eIPSC Ovine CRF elevated mIPSC frequency from 6.7 to 8.45 Hz in the 5-HT cell but had no effect in the non-5-HT cell. The cumulative interevent interval graph for the 5-HT cell (B), but not for the non-5-HT cell (B), illustrates a significant shift to the left (by the Kolmogorov-Smirnov test, p Ͻ 0.01) as mIPSC frequency was stimulated by oCRF. C and C are fluorescent photomicrographs demonstrating the neurochemical identity of the recorded cells as 5-HT (C) and non-5-HT (C). The recorded biocytin-filled cells are shown in red, tryptophan hydroxylase-IR is shown in green, and the merged panels demonstrate either a double-labeled (yellow) (C) or non-double-labeled cell (red) (C). Miniature IPSCs were mediated by GABA A receptors as they were completely suppressed by the GABA A receptor antagonist bicuculline (20 M) under these conditions (data not shown).
response to oCRF, and PPR response to oCRF did not differ between cells in these two DRN subdivisions, as determined by unpaired Student's t test. For this reason, data from all 5-HT DRN cells were pooled (N ϭ 28 neurons recorded from 17 subjects) in Figure 2 , AЈ and BЈ. Figure 2 A shows eIPSCs averaged from 60 events before (baseline) and after oCRF administration (29% increase) in a 5-HT DRN neuron. Figure 2 AЈ shows that oCRF significantly elevated mean eIPSC amplitude in 5-HT DRN neurons for both the first and second eIPSCs in a pair ( p Ͻ 0.01). In contrast, oCRF had no significant effect on mean eIPSC amplitude in non-5-HT DRN neurons (N ϭ 7 neurons recorded from seven subjects; eIPSC1 baseline values, 157 Ϯ 29 pA; eIPSC1 oCRF values, 179 Ϯ 21 pA; eIPSC2 baseline values, 121 Ϯ 27 pA; eIPSC2 oCRF values, 136 Ϯ 23 pA). Bicuculline completely suppressed eIPSC amplitude, indicating that eIPSCs were mediated by the GABA A receptor (Fig. 2 A) . Figure 2 B shows paired-pulse data averaged from 60 pairs before (baseline) and after oCRF administration in a 5-HT DRN neuron. Ovine CRF decreased the PPR by 15% in this neuron. Figure 2 BЈ shows that oCRF significantly reduced mean PPR in 5-HT DRN neurons ( p Ͻ 0.01). In contrast, oCRF had no significant effect on mean PPR in non-5-HT neurons (N ϭ 7; baseline values, 0.75 Ϯ 0.06; oCRF values, 0.74 Ϯ 0.06). Antagonism experiments (Fig. 2 AЉ) demonstrated that, whereas both oCRF and the CRF-R1 antagonist antalarmin individually produced significant elevations of eIPSC amplitude above baseline ( p Ͻ 0.01), the effect of oCRF was significantly diminished in the presence of antalarmin ( p Ͻ 0.01). Figure 2 BЉ also shows that the inhibition of eIPSC PPR by oCRF in 5-HT DRN neurons ( p Ͻ 0.01) was blocked by antalarmin ( p Ͻ 0.01). These data indicate that both of the effects of oCRF on eIPSC amplitude and PPR were mediated by the CRF-R1 receptor subtype. We also tested the washout of oCRF effects. In the majority of cells tested, oCRF effects failed to completely reverse, persisting despite waiting as long as 60 min. We further tried to reverse the effect of oCRF with a subsequent application of an antagonist, with only limited success. Similar difficulties have been observed with bath application of CRF ligands onto brain slices in other studies (Rainnie et al., 1992; Ungless et al., 2003; Jedema and Grace, 2004; Kash and Winder, 2006; Ugolini et al., 2008) . The persistence of this CRF receptor-mediated effect has been suggested to reflect slow kinetics of dissociation of CRF from its receptors in the brain slice preparation (Ugolini et al., 2008) .
Ovine CRF and UCN II have postsynaptic actions on GABA receptors: increasing mIPSC amplitude selectively in 5-HT DRN neurons
Ovine CRF and UCN II (10 nM) effects on mIPSC amplitude were examined in 5-HT and non-5-HT DRN neurons (Fig. 3) . Figure 3 , A and B, are mIPSC traces averaged from 200 events before (control) and at the maximal steady-state effect of oCRF in a 5-HT-containing and a non-5-HT-containing DRN neuron. In agreement with the eIPSC results, oCRF elevated mIPSC amplitude by 17% in the 5-HT but not the non-5-HT neuron. This effect is further illustrated as a significant shift to the right of the cumulative probability graph of amplitude for the 5-HT (Fig. 3AЈ ) (Z ϭ 1.70; p Ͻ 0.01) but not the non-5-HT neuron (Fig. 3BЈ ) (Z ϭ 0.89; NS). UCN II effects were recorded in 16 5-HT neurons recorded from 15 subjects and in 14 non-5-HT neurons recorded from 11 subjects. (N ϭ 15) . B shows paired-pulse traces from a 5-HT neuron (averaged from 60 pairs under each condition: baseline and oCRF). Ovine CRF decreased PPR from 0.68 to 0.58. B shows that oCRF significantly decreased the mean PPR in 5-HT DRN neurons below baseline values (N ϭ 28; p Ͻ 0.01). B؆ shows that the inhibition of eIPSC PPR by oCRF in 5-HT DRN neurons ( p Ͻ 0.01) was blocked by antalarmin ( p Ͻ 0.01) (N ϭ 15). Neither eIPSC amplitude nor PPR was affected by oCRF in non-5-HT DRN neurons (data not shown). For antagonist experiments (A؆, B؆), in which the antagonist and oCRF were applied sequentially, a separate baseline was calculated for each drug from measures taken just before application of the drug. The asterisks indicate a significant difference from baseline values by paired t test (**p Ͻ 0.01), and the pound signs indicate a significant difference from oCRF by unpaired t test ( ## p Ͻ 0.01). Data are expressed as mean Ϯ SEM.
right of the cumulative probability plot of amplitude for the 5-HT (Fig. 3CЈ) A correlation analysis was performed to determine whether the presynaptic and postsynaptic actions of CRF agonists were observed in the same cells. There was a significant positive correlation between oCRF effects on mIPSC frequency and amplitude in individual 5-HT DRN neurons (r ϭ 0.59; p Ͻ 0.01). Although UCN II did not have a significant effect on mIPSC frequency, there was a significant positive correlation between UCN II effects on mIPSC frequency and amplitude (r ϭ 0.80; p Ͻ 0.01).
Ovine CRF and UCN II have direct postsynaptic effects on 5-HT neurons
Ovine CRF and UCN II effects on inward current were examined in 5-HT and non-5-HT DRN neurons (Fig. 4) . Figure 4 A shows oCRF (100 nM) increasing the inward current by 15 pA in a 5-HT DRN neuron from an initial holding current of Ϫ9 pA to a maximal steady-state effect of oCRF at Ϫ24 pA. Ovine CRF (10 nM) significantly increased inward current by 7-10 pA in both 5-HT and non-5-HT neurons ( p Ͻ 0.01), as shown in Table 1 and Figure 4 B. Figure 4 B further shows that the effect in 5-HT neurons is dosedependent with a higher 100 nM dose producing an increase of inward current ( p Ͻ 0.05) of greater magnitude. Whereas oCRF produced an inward current in all DRN cells, UCN II was more selective, significantly increasing inward current in 5-HT ( p Ͻ 0.01) but not non-5-HT neurons (Table 1) . This is further illustrated in Figure 4C because UCN II produced a 10 pA mean inward current in 5-HT neurons ( p Ͻ 0.01) compared with a 3 pA inward current in non-5-HT neurons (NS).
Ovine CRF and UCN II alter GABA receptor kinetics: increasing mIPSC fast decay time in 5-HT DRN neurons
Ovine CRF and UCN II effects on mIPSC fast decay time were examined in 5-HT and non-5-HT DRN neurons (Table 1) but not in non-5-HT neurons (see examples in Fig. 3B,D) . Rise time as well as the slow component of the mIPSC decay time were unaffected by any drug treatments in 5-HT and non-5-HT DRN neurons (Table 1) .
CRF-R1 and CRF-R2 antagonists selectively block the effects of oCRF
Ovine CRF effects on GABA synaptic activity [mIPSC frequency (Fig. 5A) , amplitude ( Fig. 5B) ], and inward current (Fig. 5C) were examined in the presence of the CRF-R1-selective antagonist antalarmin (300 nM) or the CRF-R2-selective antagonist ASVG-30 (100 nM) in 5-HT DRN neurons (Fig. 5) . Antagonist . Ovine CRF and UCN II enhanced inward current in DRN neurons. A shows that 100 nM oCRF increased the inward current by 15 pA in a 5-HT DRN neuron from an initial holding current of Ϫ9 pA to a maximum of Ϫ24 pA. B shows that oCRF dose-dependently increased mean inward current in 5-HT neurons (10 nM: 7 pA, N ϭ 26; 100 nM: 13 pA, N ϭ 12), and 10 nM oCRF also increased mean inward current in non-5-HT neurons (10 pA; N ϭ 13). In contrast, UCN II (10 nM) only increased inward current in 5-HT-containing neurons. C shows that UCN II significantly increased mean inward current by 10 pA in 5-HT-containing neurons (N ϭ 16) compared with 3 pA in non-5-HT cells (N ϭ 14) . In A, the time break (double bar) represents 2 min. Calibration: vertical, 20 pA; horizontal, 10 s. The asterisks indicate a significant inward current (*p Ͻ 0.05; **p Ͻ 0.01). Data are expressed as mean Ϯ SEM. Figure 5 . Ovine CRF effects on GABA synaptic activity and membrane characteristics in 5-HT DRN neurons were differentially mediated by CRF-R1 and CRF-R2 receptor subtypes. A illustrates oCRF effects (10 nM) on mean mIPSC frequency (expressed as a percentage of baseline) in the presence of ACSF or the CRF-R1-selective antagonist antalarmin (300 nM) or the CRF-R2-selective antagonist ASVG-30 (100 nM). The significant elevation of mIPSC frequency by oCRF (A) was blocked by antalarmin but not by ASVG-30, indicating that this effect was mediated by the CRF-R1 receptor subtype. B illustrates oCRF effects on mean mIPSC amplitude (expressed as a percentage of baseline) in the presence of ACSF or the receptor-selective antagonists. The significant elevation of mIPSC amplitude byoCRF(B)wasblockedbybothantalarminandASVG-30,indicatingthatthiseffectwasmediatedby both the CRF-R1 and CRF-R2 receptor subtypes. C illustrates oCRF effects on mean inward current in the presence of ACSF or the receptor-selective antagonists. The significant change in mean inward current by oCRF (C) was blocked by ASVG-30 but not by antalarmin, indicating that this effect was mediated by the CRF-R2 receptor subtype. Intrinsic effects of antalarmin and ASVG-30 on mIPSC amplitude are also demonstrated. For these experiments in which the antagonist and oCRF were appliedsequentially,aseparatebaselinewascalculatedforeachdrugfrommeasurestakenjustbefore application of the drug. Post hoc Student-Newman-Keuls tests show significant group differences indicatedbyasterisk(*)(vsACSF)orpoundsign(#)(vsACSFϩoCRF)( pϽ0.05).Dataareexpressed as mean Ϯ SEM.
effects were also examined on mIPSC rise and decay times (Table  1) . These concentrations of antagonist were ϳ100 times their affinity for their respective receptors (Webster et al., 1996; Rüh-mann et al., 1998; Higelin et al., 2001) . Antalarmin effects were examined in 20 5-HT neurons recorded from 13 subjects; ASVG-30 effects were examined in 17 5-HT neurons recorded from 15 subjects.
In the absence of an antagonist, oCRF significantly elevated mIPSC frequency (Fig. 5A, Table 1 ) ( p Ͻ 0.01), amplitude (Fig.  5B, Table 1 ) ( p Ͻ 0.01), fast decay time (Table 1 ) ( p Ͻ 0.05), and inward current (Fig. 5C, Table 1 ) ( p Ͻ 0.01). Table 1 shows that antalarmin blocked the effect of oCRF on mIPSC frequency, amplitude, and fast decay time, but not on inward current [ 2 (2) ϭ 18.9; p Ͻ 0.01]. ASVG-30 blocked the oCRF effect on mIPSC amplitude, fast decay time, and inward current, but not on mIPSC frequency [ 2 (2) ϭ 8.94; p Ͻ 0.05]. The data are presented in a different manner as percentage change from baseline in Figure 5 . Antalarmin blocked the effect of oCRF on mIPSC frequency (Fig. 5A) [significant main effect of antalarmin: F (1,44) ϭ 5.47, p Ͻ 0.05; and significant interaction of antalarmin by oCRF: F (1,44) ϭ 4.40, p Ͻ 0.05; post hoc comparisons show oCRF significantly elevated mIPSC frequency in the absence ( p Ͻ 0.05) but not the presence of antalarmin, and the effect of oCRF was significantly reduced in the presence of antalarmin compared with its effect in the presence of ACSF ( p Ͻ 0.05)]. However, antalarmin did not block the effect of oCRF on inward current (Fig. 5C ) (significant main effects of antalarmin: F (1,44) ϭ 10.08, p Ͻ 0.01; oCRF: F (1,44) ϭ 8.24, p Ͻ 0.01; but no interaction between these factors). In contrast to antalarmin, ASVG-30 blocked the effect of oCRF on inward current (Fig. 5C) [significant interaction of ASVG-30 by oCRF: F (1,41) ϭ 5.73, p Ͻ 0.05; post hoc comparisons show that oCRF significantly elevated inward current in the absence ( p Ͻ 0.05) but not the presence of ASVG-30 and the effect of oCRF was significantly reduced in the presence of ASVG-30 compared with its effect in the presence of ACSF ( p Ͻ 0.05)]. However, ASVG-30 did not block the effect of oCRF on mIPSC frequency (Fig. 5A ) (no significant interaction between ASVG-30 and oCRF). While in the presence of ACSF, oCRF significantly elevated mIPSC amplitude ( p Ͻ 0.05), and in the presence of either antagonist, oCRF was unable to significantly elevate mIPSC amplitude above its baseline, indicating that both antagonists block this effect as well (Fig. 5B ) (significant interaction of antalarmin by oCRF, F (1,44) ϭ 5.90, p Ͻ 0.05; significant interaction of ASVG-30 by oCRF, F (1,41) ϭ 7.72, p Ͻ 0.01). Based on these data, we conclude that the actions of oCRF on mIPSC frequency are mediated by CRF-R1, the actions on mIPSC amplitude and decay time by both CRF-R1 and CRF-R2, and the actions on inward current by CRF-R2.
Interestingly, we found that both antagonists had intrinsic effects indicating the possibility that these antagonists had partial agonist activity (see Discussion) (Fig. 5, Table 1 ). Both antalarmin and ASVG-30 increased mIPSC amplitude (Fig. 5B) . The one significant effect produced by oCRF in non-5-HT neurons was an increase in inward current (Table 1 ) ( p Ͻ 0.01). In contrast to what was found in 5-HT neurons in which the increase in inward current was blocked by ASVG-30 and also produced by UCN II, this effect in non-5-HT neurons was blocked by antalarmin (F (2,10) ϭ 0.97; NS) and not produced by UCN II, indicating that the effect is mediated by CRF-R1 receptors.
Discussion
CRF, a neuromodulator, regulates stress-induced behaviors through participation in neural circuitries that are still being defined. Our data provide important new information regarding the effects of CRF in the DRN. We conclude, based on our data, that CRF modulates 5-HT DRN neurons in a direct as well as indirect manner on GABAergic synaptic activity and that it does so via different CRF receptor subtypes. Whereas CRF effects on presynaptic GABA release were mediated by CRF-R1, its direct postsynaptic effects on inward current were mediated by CRF-R2 and on GABA receptors were mediated by both receptor subtypes. In contrast, CRF induced inward current by CRF-R1 receptor activation in non-5-HT neurons. The selectivity of CRF effects further suggest that there are distinct GABAergic afferents targeting different neurochemical populations of DRN neurons and that these afferents are differentially responsive to CRF.
Direct effects of CRF on DRN neurons
Ovine CRF induced an increase in inward current in DRN neurons. Interestingly, this effect was mediated by different CRF receptor subtypes on different neurochemical populations (i.e., 5-HT neurons by the CRF-R2 receptor and non-5-HT neurons by the CRF-R1 receptor). In support of our findings, anatomical data show CRF-R2 receptors at midlevels of the DRN located almost exclusively on 5-HT neurons (Day et al., 2004) , the same area in which we recorded. Unfortunately, the neurochemical identity of the non-5-HT neurons is unknown. Approximately one-half of DRN neurons are non-5-HT (Steinbusch et al., 1980; Descarries et al., 1982; Köhler and Steinbusch, 1982; Jacobs and Azmitia, 1992; Baumgarten and Grozdanovic, 1997) . One prominent population of non-5-HT DRN neurons is GABAergic Sharp, 2001, 2003) . These GABA neurons express CRF-R1 receptors (Roche et al., 2003) . If at least some of the recorded non-5-HT neurons were GABAergic, our data indicate that postsynaptic CRF-R1 receptors increase inward current in GABA neurons.
Presynaptic effects of oCRF on GABA synaptic activity Converging evidence from both spontaneous and evoked IPSC experiments indicate that oCRF elevated presynaptic GABA release at 5-HT DRN neurons. Ovine CRF increased mIPSC frequency, indicating enhanced probability of GABA release from presynaptic terminals. There was large variance in mean basal mIPSC frequency of 5-HT neurons in different drug experiments (Table 1 ). The lack of drug-induced increases of mIPSC frequency in the antalarmin and UCN II experiments could theoretically be produced by a "ceiling effect" attributable to their higher basal mIPSC frequencies. However, linear regression analysis, both within and between groups, showed that there was no relationship between basal mIPSC frequency and subsequent oCRF or UCN II response, making this interpretation unlikely. An additional indication of enhanced presynaptic neurotransmitter release (Zucker, 1989; Dobrunz and Stevens, 1997; Melis et al., 2002) was that oCRF also increased eIPSC amplitude while decreasing eIPSC PPR.
An increase in GABA release by CRF-R1 presynaptic receptor activation would lead to a decrease in DRN neuronal activity, an effect that is consistent with previous studies. In vivo studies show that certain stressors inhibit 5-HT release via endogenous CRF (Price et al., 2002) and activation of CRF-R1 by low doses of oCRF inhibits 5-HT DRN neuronal activity (Kirby et al., 2000) and 5-HT release (Price et al., 1998; Price and Lucki, 2001) . Ultrastructural studies show greater contacts of CRF terminals with GABA-labeled than with 5-HT-labeled dendrites and also CRF terminals in contact with GABA terminals (Waselus et al., 2005) . Functional neuroanatomy studies using c-fos demonstrate that swim stress engages a population of CRF-R1 receptor-expressing GABAergic DRN neurons (Roche et al., 2003) . Our data provide electrophysiological evidence for this circuitry at a single-cell level: CRF-R1 activation elevates presynaptic GABA release at 5-HT DRN neurons and increases inward current in non-5-HT putative GABA neurons.
Postsynaptic effects of oCRF on GABA synaptic activity
In addition to increasing the release of GABA onto 5-HT DRN neurons, oCRF increased mIPSC amplitude and fast decay time, indicating an increase in the sensitivity, number, or open time of the activated GABA A receptor-ionophore. These effects were mediated by both CRF-R1 and CRF-R2 subtypes. A correlation analysis demonstrated that the presynaptic and postsynaptic actions of CRF agonists were observed in the same cells. Potentially, if mIPSC amplitude is increased, it is more likely to be detected above noise levels, thus artificially elevating mIPSC frequency. However, noise histograms and amplitude histograms were clearly separated for each recorded cell, and presynaptic and postsynaptic effects were mediated by different receptor subtypes, making this technical argument unlikely. For example, ASVG-30 blocked oCRF-induced elevation of mIPSC amplitude but spared the oCRF effect on mIPSC frequency in the same cell population. Another potential interpretation is that CRF agonistinduced elevations of mIPSC amplitude reflect an increase in neurotransmitter release, driven by the changes in mIPSC frequency (Behrends and ten Bruggencate, 1998 ). This would not explain the CRF-R2-mediated increase in amplitude, but we cannot rule out this possibility for the CRF-R1 receptor-mediated actions. Nonetheless, the net effect of either increased postsynaptic receptor sensitivity or increased neurotransmitter release would enhance GABAergic inhibition of the postsynaptic neuron. Therefore, our interpretation of mIPSC frequency and amplitude data are that oCRF enhanced GABAergic inhibition of the target 5-HT DRN neuron by multiple mechanisms. These data agree with studies conducted in other brain regions demonstrating that CRF enhances GABAergic synaptic activity at the presynaptic or postsynaptic level and is mediated by different CRF receptors (Nie et al., 2004; Kash and Winder, 2006) . In sum, an emerging theme is that CRF enhances GABA synaptic transmission by different CRF receptor subtypes acting at presynaptic or postsynaptic sites, often in the same cell.
Intrinsic antagonist effects
Both CRF receptor antagonists had intrinsic effects on several physiological measures in this preparation. Antalarmin increased mIPSC amplitude, mIPSC fast decay time, and inward current, whereas ASVG-30 increased mIPSC amplitude. These intrinsic effects indicate that the antagonists may have partial agonist activity. Minimal partial agonist activity has been reported for these antagonists in other preparations (Rüh-mann et al., 1998; Lawrence et al., 2002) .
Neurochemical selectivity of oCRF effects
All of the effects of oCRF on GABAergic synaptic activity occurred selectively in recordings from 5-HT, and not non-5-HT, DRN neurons. These data indicate that select GABA afferents target distinct neurochemical populations of DRN neurons and these select afferents are differentially responsive to oCRF. This finding complements recent data from our laboratory demonstrating distinct glutamatergic afferents to neurochemically distinct populations of DRN neurons that are also differentially responsive to stress (Kirby et al., 2007) . Therefore, the anatomical design of the DRN enables stressors and stress hormones to selectively modulate distinct populations of DRN neurons via both excitatory and inhibitory afferents. This arrangement may contribute to the complex stressor-specific and region-specific responses of the 5-HT system to stress (Kirby et al., 1995 (Kirby et al., , 1997 Adell et al., 1997) .
Functional implications
These data provide functional evidence for the cellular mechanisms and circuitry underlying the interactions between the stress neurohormone CRF and the 5-HT system. Previous studies characterizing oCRF effects on 5-HT neurotransmission in vivo indicated a U-shaped dose-response curve for oCRF: inhibiting 5-HT neuronal activity and release at low doses, stimulating 5-HT neuronal activity and release at higher doses (Price et al., 1998; Kirby et al., 2000; Price and Lucki, 2001 ). Because oCRF is eight times more potent at CRF-R1 than CRF-R2 receptors , low doses act primarily at CRF-R1 receptors, whereas higher doses activate CRF-R2 receptors. Our data support a model (Fig. 6 ) whereby activation of CRF-R1 receptors by low doses of oCRF stimulates presynaptic GABA release and enhances postsynaptic GABA receptor sensitivity at 5-HT neurons, indirectly inhibiting their activity and 5-HT release. Higher doses of oCRF activate CRF-R2 receptors on 5-HT neurons, resulting in their depolarization, increased activity and release of 5-HT. This model is supported by our finding that CRF-R1 receptor-mediated increases in presynaptic GABA release are observed maximally at the lower dose of oCRF tested, whereas the CRF-R2-receptor-mediated inward current is dose dependent, with the greatest effect produced by the higher dose of oCRF tested. Additional support for this model comes from studies of the CRF-R2-selective agonist urocortin II, which, at higher doses, activates 5-HT DRN neuronal activity (Pernar et al., 2004) and 5-HT release in terminal fields (Amat et al., 2004) . Previous studies identified inhibitory actions of particular stressors on the 5-HT system (Kirby et al., 1995 (Kirby et al., , 1997 Adell et al., 1997) that were mediated by CRF (Price et al., 2002) . In this way, particular stressors initiate the release of CRF in the DRN that stimulates both presynaptic GABA release and postsynaptic GABA receptor sensitivity on 5-HT DRN neurons, resulting in inhibition of 5-HT neuronal activity and forebrain 5-HT release. This raphe circuitry provides a framework for understanding how exposure to stress can lead to 5-HT dysfunction, potentially contributing to stressrelated psychopathology such as anxiety and depression. The findings from our studies add important information to the understanding of the complex neural circuitries underlying stress regulation and stress-mediated mood disorders. Novel compounds directed at the CRF or GABA receptors identified to be key within this neural circuitry may be useful in the treatment of mood and anxiety disorders.
